. Longitudinal transcriptional analysis of developing neointimal vascular occlusion and pulmonary hypertension in rats. Physiol Genomics 17: 150-156, 2004; 10.1152/physiolgenomics. 00198.2003.-Pneumonectomized rats injected with the alkaloid toxin, monocrotaline, develop progressive neointimal pulmonary vascular obliteration and pulmonary hypertension resulting in right ventricular failure and death. The antiproliferative immunosuppressant, triptolide, attenuates neointimal formation and pulmonary hypertension in this disease model (Faul JL, Nishimura T, Berry GJ, Benson GV, Pearl RG, and Kao PN. Am J Respir Crit Care Med 162: 2252-2258. Pneumonectomized rats, injected with monocrotaline on day 7, were killed at days 14, 21, 28, and 35 for measurements of physiology and gene expression patterns. These data were compared with pneumonectomized, monocrotaline-injected animals that received triptolide from day 5 to day 35. The hypothesis was tested that a group of functionally related genes would be significantly coexpressed during the development of disease and downregulated in response to treatment. Transcriptional analysis using total lung RNA was performed on replicate animals for each experimental time point with exploratory data analysis followed by statistical significance analysis. Marked, statistically significant increases in proteases (particularly derived from mast cells) were noted that parallel the development of vascular obliteration and pulmonary hypertension. Mastcell-derived proteases may play a role in regulating the development of neointimal pulmonary vascular occlusion and pulmonary hypertension in response to injury.
PULMONARY VASCULAR OBLITERATION is the central pathophysiological process of primary pulmonary hypertension (PPH), leading ultimately to fatal right ventricle failure (23) . The pathophysiology of pulmonary hypertension involves neointimal and medial proliferation and hypertrophy of vascular smooth muscle cells (SMCs) and endothelial cells (ECs), and adventitial fibrosis (8) . The quest for a rodent model of pulmonary hypertension with neointimal vascular occlusion led to the pneumonectomy-monocrotaline model (20) , in which increased shear stress and compensatory lung hypertrophy (induced by the pneumonectomy) modifies the monocrotaline response in small intra-acinar pulmonary arteries, converting it to a neointimal response (28) . In this model, rats demonstrate an initial gradual increase in pulmonary arterial and right ventricular systolic pressures (RVSPs), which accelerate markedly after day 21 until death around day 40 (7) . Using this model, we demonstrated that simvastatin attenuates disease progression (17) and rescues rats from fatal pulmonary hypertension by inducing apoptosis of neointimal SMCs (18) .
We report here the results of a longitudinal array-based parallel mRNA expression pattern analysis during the development of the vascular obliteration and pulmonary hypertension in the pneumonectomy-monocrotaline model of hypertensive pulmonary vascular disease in rats. Our focus was to interrogate gene expression analysis in parallel with histopathological (vascular occlusion scores) and physiological (RVSPs) measurements. We hypothesized that a group of functionally related genes would be consistently and statistically significantly coexpressed during the development of disease and downregulated in response to treatment.
We also compared global gene expression in animals administered triptolide and in untreated animals (receiving vehicle). Triptolide is a diterpenoid triepoxide purified from Tripterygium wilfordii hook f, with immunosuppressive, antiinflammatory and antiproliferative properties (32) . Our group has shown that triptolide treatment in a preventive schedule attenuates the development of pulmonary hypertension in this model (7) . Compared with the rats that received vehicle alone, rats treated with triptolide between days 5 and 35 had diminished RVSP, pulmonary arterial pressure, and right ventricular mass (7) . Histology revealed severe changes of pulmonary vascular obliteration in the vehicle-treated rats but not in the triptolide-treated rats (7) . Here, we present data suggesting that the global gene expression pattern also resembles that seen in intermediate stages of severity.
To our knowledge, this is the first reported array-based longitudinal time course analysis of pulmonary vascular remodeling in a complex mammalian system using replicates and statistical significance analysis.
METHODS
Animal model. Pneumonectomy (day 0) followed at day 7 by one injection of monocrotaline (60 mg/kg intraperitoneally) was performed on 12-wk-old male Sprague-Dawley rats (weight 350-400 g) as described (7) . The left lung is immediately frozen in liquid nitrogen and stored at Ϫ80°C. These lungs serve as sources for control (normal) lung RNA. RVSPs were measured prior to death on three rats at each time point, days 0, 14, 21, 28, 35 (0, V14, V21, V28, V35) and triptolide treated at day 35 (T35), as described (7) . All animals received humane care; the study was approved by the Stanford Panel on Laboratory Animal Care.
Array experiments. Lungs from the euthanized animals were homogenized, and total RNA was extracted. To increase the statistical power, six normal lungs were used (day 0). One lung from V14 was lost in storage, so two rats at V14 were analyzed. The remaining time points (V21, V28, V35, T35) had three animals each. Radiolabeled cDNA probes generated from 50 g of tRNA were Southern hybridized to nylon arrays containing 1,176 genes (Atlas Rat 1.2 Array, model 7854-1; Clontech). Signals were quantified using a Cyclone PhosphorImager and OptiQuant software (Packard Instruments). The raw expression levels were log transformed, then median centered within each array using Microsoft Excel. The microarray data comply with the MIAME standard and are available for review at the Gene Expression Omnibus (GEO) database at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo/). The accession number for this data series is GSE843.
Data analysis. For exploratory data analysis, the expression replicates were averaged for each time point. The k-means analysis and average-linkage hierarchical clustering of the averages for each time point was performed using J-Express software (6) . To detect statistically significant differentially expressed genes, we used all the array replicates and employed the "significance analysis of microarray" (SAM) software (25, 29) to perform a modified ANOVA test on the genes. This procedure measures the statistical significance of the relationship between gene expression and the multiclass grouping in terms of the false discovery rate (26) .
Northern blot. Fifteen micrograms of total lung RNA was fractionated on a 1% agarose, 2.2 M formaldehyde gel, and transferred overnight to a nylon membrane by capillary transfer. The membrane was UV irradiated, then prehybridized for 30 min at 65°C in hybridization solution (QuikHyb, Stratagene), and hybridized with the addition of radiolabeled probe and salmon sperm DNA at 60°C for 2 h. Blots were washed at increasing stringency of salt concentration and temperature, with a final wash being in 0.2ϫ SSC, 0.1% SDS at 60°C for 20 min. The membranes were exposed to Kodak X-OMAT film at Ϫ80°C 12 h for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and for 24 h for rat mast cell protease-1.
RESULTS
We used transcriptional profiling to identify genes that are differentially expressed and parallel the development and prevention of experimental pulmonary hypertension. Each individual animal was analyzed on a separate array. For the exploratory data analysis, the replicates for a time point were averaged, whereas for statistical significance analysis the replicates were analyzed individually.
Hemodynamics. RVSP increased markedly between days 21 and 35 (Fig. 1) . The peak RVSP of 47 Ϯ 6 mmHg was attained on day 35. Triptolide attenuated the increase of RVSP at day 35 to 29 Ϯ 5 mmHg (7) .
Exploratory gene expression analysis using k-means clustering. The gene expression profiles of all the 1,176 genes arrayed in the membrane ranged between a minimum of 0.43 and a maximum of 600.05 (1,494-fold difference). The results of the k-means analysis with 20 clusters are shown in Fig. 2 .
Two clusters (ID ϭ 14 and ID ϭ 2 with 8 and 15 genes, respectively) have a longitudinal expression pattern similar to the curve of RVSP. This curve is characterized by a progressive increase in expression during the sampled period, with a peak at day 35, and with an attenuated elevation in response to triptolide treatment. Cluster 14 ( Fig. 3, top) consists of the following genes, in decreasing order of expression at V35: mast cell protease-1, mast cell chymase-1, adipocyte lipid-binding protein FABP4, macrophage inflammatory protein 1␣, Plasminogen activator inhibitor-1, gelatinase A (matrix metalloproteinase-2), cathepsin D, and cathepsin K. The gene with peak expression at V35, mast cell protease-1, has a 21-fold increase in expression between days 0 (expression value 1.04) and day 35 (expression value 22.02).
Cluster 2 consists of the following genes ( Fig. 3, bottom) , in decreasing order of the difference between expressions at V35 and normal: mast cell protease-7, aldolase B, fructose-biphosphate, cathepsin B, interleukin 18 (IL-18), macrophage inflammatory protein-2, carboxypeptidase E, liver arginase-1, multidrug resistance protein-1 (P-glycoprotein), cathepsin S, solute carrier family 1, member 3, myristoylated alanine-rich protein kinase C substrate, proteasome 26S subunit 2, acetyl-CoA acyltransferase, proteasome 26S subunit 1, and ras-related protein RAB26. Mast cell protease-7 has registered a 4.7-fold increase in expression between days 0 (expression value 0.93) and 35 (expression value 4.4).
Twelve of the 23 (52%) genes in the two clusters (6 of 8 in cluster 14 and 6 of 14 in cluster 2) are proteases.
Another cluster (ID ϭ 17) of eight genes was noted to peak early (V14), followed by return of expression values near baseline (Fig. 4 ). This cluster included six genes coding for cellular receptors: epidermal growth factor receptor, erbB4 proto-oncogene (HER4), serotonin receptor-5B, and ephrin type A receptors 3, 5, and 7. The genes for calcium channel ␣A and C-type natriuretic peptide (CNP) completed this cluster.
Statistical significance testing using SAM. Statistical significance of differential expression was assessed using all 20 individual arrays. The 16 most significant genes are shown in Table 1 (top). To illustrate the trend in statistical significance, the next two genes are also included. A q value is listed with each gene, which estimates the false discovery rate (proportion of false positives) when using that cutoff for significance (25, 26) . The 16 most significant genes all have q values of 6.25%, which means that we expect 6.25% (ϳ1 gene among the 16) to be false positives. There is no "safe" value for a q value cutoff, and called, confirmation of the expression level of mast cell protease was performed with Northern hybridization (Fig. 5) .
Hierarchical clustering of experimental time points. Clustering of the data points was performed to investigate the global expression patterns that characterize each experimental time point. The dendrogram (Fig. 6 ) reveals that the global expression level at day 35 is an outlier. The global expression of triptolide-treated animals at day 35 (T35) is between those of days 21 and 28, being more similar to the former. The expression level at day 14 is intermediate between the expression of normal lungs and the composite of early disease (days 21 and 28) and treated animals (T35).
DISCUSSION
We used a formal succession of exploratory data analysis, statistical significance testing, and biologic confirmation, to identify genes associated with the development of experimental pulmonary hypertension. In the exploratory phase, we used k-means analysis to identify clusters of genes with a similar pattern of expression (Fig. 2) . Clustering is simply a visualization tool that helps the operator identify patterns, but does not provide information of the statistical strength of the identified behavior. Classic statistical hypothesis testing has to be adapted for use in microarray analysis, and we used the SAM, a methodology developed specifically for finding genes with significantly different expression values in a set of array experiments (25, 29) .
Patterns of gene expression. To identify genes potentially involved in the regulation of repair-after-vascular injury, we aimed at identifying genes that mimic the evolution of luminal obliteration (structural behavior) and hemodynamics (physiology behavior, RVSP, Fig. 1) (7) . The pattern that emerges from these observations is a relentless increase during the development of obliterative pulmonary vasculopathy compared with normal, peaking at day 35, with attenuated disease at day 35 in triptolide-treated animals (T35). Another pattern (suggestive of acute injury) shows an acute increase from normal to day 14, followed by restoration of expression to baseline. The mirror images (e.g., high expression at baseline, progressive decline during the development of the disease, and triptolide-induced increase) of these patterns were also included in the analysis.
Genes with relentless increase in expression. Clusters 14 and 2 reveal a gradual increase from normal throughout the development of the disease. An attenuated expression is noted at day 35 in triptolide-treated animals compared with vehicletreated animals. The difference between these two clusters is mainly in the magnitude of the expression values, rather than the shape of the expression graph. Twelve of 22 genes in the two clusters are proteases, with mast-cell-derived proteases featured prominently in these clusters. Significance analysis Fig. 2 . Clustering of gene expression data. Each panel represents one cluster from the k-means analysis, which partitions the data set of 1,176 genes into an operator-predetermined number of clusters, by maximizing between-clusters differences relative to within-cluster differences. The optimal number of clusters in this experiment is around 20 (too few clusters yield expression patterns resembling the average for the whole data set, whereas too many will fragment the data, yielding many similar clusters). The x-axis represents the 6 experimental time points: 0, V14, V21, V28, V35, and T35. The y-axis is logarithmic and represents the mean and the range (amplitude) of gene expression. An expression level of zero corresponds to the median value for that time point. All the clusters are represented at the same scale on the y-axis. Two clusters (ID 2 and 14) reveal a longitudinal expression pattern that parallels the evolution of RVSP in Fig. 1 , whereas one cluster (ID ϭ 17) reveals an early (day 14) peak of expression followed by return to baseline. The genes in this cluster reveal an "acute-phase" response, in that their expression increases after the two-step (pneumonectomy-monocrotaline) injury, and the expression returns to baseline afterwards. EGF, epidermal growth factor. reveals ( Table 1 ) that proteases (and in particular, mast-cellderived proteases) are significantly changing their expression during the development of vascular obliteration. Statistical significance of these findings is compounded by experimental confirmation of the array-derived data, as shown in Fig. 5 .
Mast cells are specialized immune effector cells that synthesize and store in their granules large amounts of serine proteases, which are classified as chymases (having chymotrypsin-like substrate specificity) or tryptases (with trypsin-like substrate specificity) (13) . Infiltration with mast cells is present in plexogenic pulmonary arteriopathy and in experimental models of pulmonary hypertension (10) . In a case series of human pulmonary hypertension, chymase activity was detected in vascular lesions with intimal fibrosis, suggesting the involvement of chymase-positive mast cells in vascular remodeling (15) . Chymase and tryptase are potent angiogenic signals in a variety of experimental models (4, 16) .
We observed a 6.2-fold increase in expression between normal and diseased lungs (V35) of plasminogen activator inhibitor-1 (PAI-1). Our findings are concordant with other published data, such as the four-to fivefold increase of PAI-1 mRNA levels (as well as a corresponding increase of PAI-1 secretion) by normal pulmonary artery SMCs subjected to serial in vitro passages (2) . Elevated plasma levels of PAI-1 [as well as tissue plasminogen activator (t-PA)] were found in a study of 10 patients with PPH compared with healthy controls (14) .
Normal ECs do not produce significant amounts of PAI-1 in vivo, whereas in vitro they produce large amounts of PAI-1 (3). This discrepancy is explained by the absence in vitro of SMC-derived suppressive factor(s) (3) . SMC proliferation is associated with upregulation of PAI-1 synthesis by both SMCs and ECs, as well as decreased t-PA production (2) .
The balance between plasminogen activators and PAI-1 contributes to regulating cell migration within the extracellular Listing of the 16 genes called "significant" (top), based on the relationship between the number of genes called "significant," the number of genes falsely called in the process, and the false discovery rate (FDR, bottom). To illustrate the trend in statistical significance, the next two genes are also included. The significance analysis of microarray (SAM) software estimates the false discovery rate (the expected proportion of false positives among the total number of significant genes) for each significance threshold. The q value for a gene gives the minimum false discovery rate that can be attained when calling that gene significant and therefore may be equal among several genes. As opposed to the traditional P value thresholds, the user balances the trade-off between false positives and the number of genes when deciding upon an acceptable q value threshold (25, 26) . Calling the top 16 genes significant has the lowest false discovery rate (6.25%, or 1 gene called in error) in this experiment. Calling the top 21 genes significant induces a false discovery rate of 19%, or 4 genes called in error. matrix (12) . As a result of vascular injury (such as disruption of endothelial monolayer and basal membrane), serum thrombin comes in contact with SMC and not only acts as a mitogen on SMCs but also causes a fourfold increase in specific PAI-1 mRNA (as well as an increase in t-PA mRNA) and PAI-1 antigen levels in the extracellular matrix surrounding thrombin-exposed SMCs (31) .
We found other proteases among the genes with significantly elevated expression during the development of pulmonary hypertension. For example, gelatinase A (matrix metalloproteinase-2), which degrades basement membrane components and promotes cell proliferation and migration, registers a fourfold increase at day 35 compared with normal. The gelatinase activity correlates with the pulmonary hypertension severity in a monocrotaline model (9) . Matrix metalloproteinase (MMP) expression and activity are increased in a rat model of chronic hypoxia-induced pulmonary hypertension (30) .
Several cathepsins also increased their expression during the development of the disease.
Cathepsin K is a protease with potent fibrinolytic activity that may play an important role in extracellular matrix degradation. It is also closely involved in osteoclastic bone resorption and may participate partially in disorders of bone remodeling. Our results showing that mast cell chymases, MMPs, gelatinases, cathepsins, and PAI are increased during progression of pulmonary hypertension extend the observations that experimental pulmonary hypertension involves extensive remodeling of extracellular matrix (5) .
Macrophage inflammatory protein-1␣ (MIP-1␣) is a heparin-binding monokine with inflammatory properties that has chemotactic activity for monocytes, neutrophils, eosinophils, basophils, and lymphocytes. It is required for lung TNF-␣ production, neutrophil recruitment, and subsequent lung injury and may function as an autocrine mediator for the macrophage production of TNF-␣, which in turn upregulates vascular adhesion molecules required for neutrophil influx.
IL-18 (IFN-␥ inducing factor), a novel proinflammatory cytokine, involved in regulating inflammatory angiogenesis (21) , is the only cytokine on the array (which also includes IL-1, IL-2, IL-6) to show a statistically significant variability in gene expression during the progression of this disease model.
Genes with an acute-phase expression pattern. A cluster of eight genes showed a transient increase in expression early after the two-step injury. This cluster included ErbB4, an epidermal growth factor (EGF) receptor present on human umbilical vein endothelial cells (HUVECS), ephrin receptors, and CNP, all of which may play a role in vascular remodeling. ErbB4 will induce EC proliferation and in vivo and in vitro angiogenesis (24) . ␤-Cellulin, a member of the EGF family, is a potent mitogen for rat vascular SMCs (27) and induces angiogenesis through erbB4 (11) .
Ephrin receptors play a crucial role in vascular development during embryogenesis, and the blockade of the EphA3 receptor inhibited tumoral angiogenesis and in vivo tumor growth (1) . Ephrin B receptors also play well-established roles in angiogenesis (19) , but their role in the adult is currently being defined. The role of ephrins 5 and 7 (the two members of the family that show up in this cluster) in vascular remodeling remains to be defined.
CNP is produced by ECs with local vasorelaxing and growth inhibitory effects. CNP decreases the EGF-induced EC proliferation and capillary tube formation by human microvascular ECs (22) .
Hierarchical clustering of experiments. The global gene expression at a time point may be construed as a "transcriptional fingerprint" that uniquely characterizes the given state. Hierarchical clustering of the experiments gives insight into how similar or dissimilar the global expressions are between experimental time points. Thus vehicle-treated animals at day 35 (V35, when the disease is the most severe) stand out on an isolated branch of the dendrogram (Fig. 6) , whereas triptolidetreated animals at day 35 (T35) have an intermediate expression between the global expressions of V21 and V28. This shows an interesting correlation with the hemodynamics, which also show that the RVSP has been attenuated to a value intermediate between V21 and V28.
Our large-scale search of gene expression that parallels the pathophysiological evolution of experimental hypertensive pulmonary vascular disease (HPVD) resulted in identifying genes with expression changes that precede the development of pathology. Going further than the exploratory data analysis, we have confirmed the statistical significance of our findings using rigorous statistical methods. Finally, we have used classic biological validation of some of our findings. Although important differences exist between the proteases (specifically mastcell-derived chymases and tryptases) of different species, the interface between thrombosis, inflammation, and dysregulated cell proliferation is clinically very relevant for the human disease PPH. Carefully conducted large-scale gene profiling studies with analysis of statistical significance and biologic correlation are likely to help us further understand the complex pulmonary vascular response to injury.
